The polymyxin-resistant mutant strains H181 and H185 of Pseudomonas aeruginosa, after growth in the absence or presence of polymyxin, were compared with the polymyxin-sensitive H103 strain as to their cell envelope protein composition (determined by slab polyacrylamide gel electrophoresis) and their lipid composition. When grown in the absence of polymyxin, the H181 and H185 strains had an increased content of the outer membrane protein Hi with a decreased content of the outer membrane proteins D2 and F. After growth in the presence of polymyxin, the content of Hi, D2, and F were all decreased. Significant alterations in the lipid composition of the H181 and H185 strains were found after growth in the absence of polymyxin. These lipid alterations were enhanced upon growth in the presence of polymyxin, with both strains having a reduced content of phosphatidylethanolamine and phosphatidylglycerol and an increased content of diphosphatidylglycerol and an unidentified lipid thought to be a neutral lipid. Other workers have proposed that an increased content of Hi protein is the molecular basis for polymyxin resistance in the H181 and H185 strains. Our observations make this hypothesis appear unlikely.
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One mechanism by which bacteria become resistant to antibiotics is by a loss of permeability for that antibiotic through the cell envelope. A model system has been reported (7) in which Pseudomonas aeruginosa cells that were initially inhibited by 32 U of polymyxin per ml of growth medium were adapted stepwise to grow in the presence of 6,000 U of polymyxin per ml of growth medium. This adaptation to increased polymyxin resistance involves ultrastructural (3, 7) and chemical (2, 4, 6) alteration of the outer membrane (OM), resulting in a loss of permeability of polymyxin through the OM (5) . The chemical alterations noted include a reduction in lipopolysaccharide (6) , a greatly reduced content of OM proteins 5, 9, and 10 (6) (corresponding respectively to the D2, F, and Hi/H2 proteins in the nomenclature proposed by Hancock and Carey [10] ), a reduction in the concentration of Mg2' and Ca2' (2) , and lipid alterations (2).
These lipid alterations include: (i) increased content of readily extractable lipid (REL), (ii) decreased phospholipid content in the REL, (iii) reduction in the phosphatidylethanolamine content accompanied by a large increase in an unidentified lipid thought to be a neutral lipid, and (iv) increased content of unsaturated fatty acids accompanied by a decreased content of cyclopropane fatty acids in the REL fraction. We (2) proposed two different mechanisms as the possible molecular basis for adaptive polymyxin resistance. These two mechanisms may be summarized as follows. Either the loss of OM protein porins responsible for the penetration of the polymyxin molecule results in a loss of OM permeability for polymyxin, or changes in the lipid and lipopolysaccharide composition of the cell envelope result in a loss of polymyxin binding capability.
An alternative molecular mechanism to explain polymyxin resistance in P. aeruginosa has been proposed by Nicas and Hancock (12 trations." Specifically, they reported no significant reduction in the amount of either 2-keto-3-deoxyoctonate or the OM porin protein F, both of which are reduced in our adaptive strains (6) .
We undertook the present study to Determination of the MIC of polymyxin. The minimal inhibitory concentration (MIC) of polymyxin was determined as previously described (5) for each strain, using basal medium 2 as the diluent and growth medium.
Ceil envelope preparations. Cell envelopes were prepared by the procedure of Stinnett et al. (13) with cells (12). However, after growth in basal medium containing 50 U of polymyxin per ml, the Hi protein was not increased in concentration in the H181 and H185 strains. The concentrations of proteins D2 and F were reduced in the H181 and H185 strains whether grown in the absence or presence of polymyxin (Fig. 1) . Growth in the presence of polymyxin did result in a further reduction in the concentration of protein F over the reduction seen when polymyxin was absent from the growth medium. Lipid composition. The cellular percentages of REL and of acid-extractable lipids were not significantly different in the polymyxin-resistant strains grown either in the absence or presence of polymyxin as compared with the cellular percentages of these lipids in the polymyxinsensitive H103 strain (Table 1) , with the exception that the H181 strain grown in the presence of polymyxin did have a significant increase in REL. There was a significant decrease in the proportion of phospholipids in the REL (as measured by determining the micromoles of phosphorus per milligram of REL) in both the H181 and H185 strains when polymyxin was present in the growth medium (Table 1) . This decrease was not observed in cells grown in medium lacking polymyxin.
The lipids in the REL fractions were separated, characterized, and quantitated by thin-layer chromatography ( Fig. 2 and Table 2 ). The major lipids identified were diphosphatidylglycerol (DPG), phosphatidylethanolamine (PE), and phosphatidylglycerol (PG). After growth in the absence of polymyxin, both the H181 and H185 strains had a statistically significant decrease in PG content. In addition, the amount of unidentified lipids was significantly increased in the H181 strain, whereas the amount of DPG was significantly increased in the H185 strain. Upon growth in the presence of polymyxin, the H181 and H185 strains showed a significant decrease in both PG and PE, accompanied by a significant increase in DPG and unidentified lipids. The primary unidentified lipid acted as a neutral lipid in the thin-layer chromatography system used. Negative reactions to molybdenum blue and ninhydrin-plus were observed.
Analysis by gas-liquid chromatography of the fatty acid composition of the REL fractions did not reveal any changes in fatty acids in the H181 and H185 strains which could be correlated with polymyxin resistance (data not shown). DISCUSSION We confirmed that the H181 and H185 strains of Nicas and Hancock (12) are stable mutants exhibiting a low level of resistance to polymyxin and that these cells do have an increased content of the Hi OM protein when grown in basal medium lacking polymyxin. However, we also found other significant chemical alterations in these cell envelopes which might account for the observed polymyxin resistance. These alterations are similar to certain of those previously noted in our adaptive resistance model; namely, the D2 and F OM proteins were reduced in concentration as determined by SDS-PAGE analysis (Fig. 1) . Lipid analysis revealed that both strains had a significant decrease in the content of PG, with an increase in other lipids.
Furthermore, the Mg2+ concentration of these cell envelopes is reduced (12) . Thus, the increase in the Hi protein is not the only possible explanation of polymyxin resistance in these cells. Upon growth in medium containing 50 U of polymyxin per ml, the Hi protein was no longer increased in concentration. In contrast, the other protein and lipid changes noted became accentuated. These cell envelopes had both greatly reduced amounts of proteins D2 and F and significant alterations in the content of the various lipids in the REL fraction. Both strains responded to the presence of polymyxin by showing a reduction in the phospholipid concentration (Table 1) , with a decrease in the amount of PG and PE accompanied by an increase in the amount of DPG and an unidentified lipid thought to be a neutral lipid (Fig. 2 and Table 2 ). These observations make it extremely unlikely that the increase in Hi protein is actually responsible for polymyxin resistance in the H181 and H185 strains. If it were responsible, one would expect the increase in Hi content to be maintained in the presence of this low level of polymyxin, a concentration which is below the MIC of these strains. We maintain that the mechanism of polymyxin resistance in these strains is most probably identical to that operational in our adaptive resistance model. The H181 and H185 strains share with the strains in our adaptive resistance model a number of other characteristics besides polymyxin resistance. These include low-level resistance to the aminoglycoside antibiotics (5, 12) , resistance to EDTA (7, 12) , and reduced concentrations of cations in the cell envelope (2, 12). Hancock and co-workers (9, 11) and Nicas and Hancock (12) have proposed that the increased Hi protein content is responsible for these various characteristics. However, since our adaptive strains demonstrate these same characteristics without an increased Hi protein content (4, 6), we do not believe the increased Hi protein can be responsible for these characteristics.
In summary, although the molecular basis responsible for polymyxin resistance in P. aeruginosa remains unresolved (2), we believe that the proposal that an increased Hi protein content is responsible is untenable. VOL. 22, 1982 
